A central model that describes how behavioral sequences are produced features a neural 13 architecture that readies different movements simultaneously, and a mechanism where 14 prioritized suppression between the movements determines their sequential performance. We 15 previously described a model whereby suppression drives a Drosophila grooming sequence that 16 is induced by simultaneous activation of different sensory pathways that each elicit a distinct 17 movement (Seeds et al. 2014). Here, we confirm this model using transgenic expression to 18 identify and optogenetically activate sensory neurons that elicit specific grooming movements.
Introduction

27
A major question about nervous system function is how different movements are assembled to 28 form behavioral sequences. One of the primary models of sequential behavior is reminiscent of 29 138 longer received a sensory drive to groom their heads. In contrast to intact flies, activation of the 139 posterior body sensory neurons of decapitated flies elicited posterior grooming during the red 140 light (Figure 2B) . Thus, a latency does not explain the sequence because head and posterior 141 grooming can be elicited on similar time scales. Instead, evidence that intact flies do not display 142 posterior grooming with the light stimulation supports the hypothesis that it is suppressed by 143 head grooming (discussed below). Notably, optogenetic activation of sensory neurons across 144 the body causes flies to groom their bodies in the same order as when they were coated in dust 145 (head > abdomen > wings > notum) (Figure 2 -figure supplement 2A,B , Video 3, Video 4, 146 and Video 5). Further, the posterior body grooming sequence continued through the minute 147 after the cessation of the red light, while the sensory neurons were no longer activated ( Figure   148 2A, green histogram). This suggests a persistent trace of posterior sensory neurons that had 149 been activated, which allowed each movement to be elicited once the previous grooming 150 movement terminated.
152
The behavior resulting from simultaneous activation of sensory neurons across the body 153 supports a role of suppression in establishing the grooming movement hierarchy. Evidence of 154 suppression was found when sensory neurons were reactivated during the period when flies 155 had transitioned to posterior grooming (Figure 2A) . The hierarchical suppression model predicts 7 that switching the red light back on during this period to reactivate sensory neurons across the 157 body would result in head grooming, coupled with the termination of ongoing posterior 158 grooming. Indeed, in cases where flies were engaged in posterior grooming, delivery of the next 159 red light stimulus caused flies to terminate posterior grooming and switch to grooming their 160 heads. This is seen in Figure 2A (histogram plots on right, green traces) where the fraction of 161 flies grooming their posterior bodies drops to zero at the onset of the red light. Thus, we find 162 optogentic-based evidence consistent with the hypothesis that the grooming sequence is driven 163 by a hierarchical suppression mechanism, as was revealed from experiments using natural 164 stimulus such as dust (Seeds et al. 2014) .
166
Identification of mechanosensory neurons that elicit specific grooming movements 167 We next sought to test whether the hierarchy of grooming movements could be observed with 168 competing activation of defined sets of sensory neurons that elicit distinct movements. We first 169 acquired transgenic lines for manipulating sensory neurons on specific body parts. Eye 170 grooming is the most hierarchically superior, and is thus elicited first in competition with other 171 grooming movements (Seeds et al. 2014) . Based on previous work implicating the 172 interommatidial bristle mechanosensory neurons in eye grooming in the praying mantis and 173 cricket (Honegger 1977; Honegger, Reif, and Müller 1979; Zack and Bacon 1981) , we found 174 that these neurons elicit eye grooming in Drosophila. A search through an image database of 175 brain expression patterns from the Vienna Drosophila collection identified a LexA line 176 (VT17251-LexA) that expressed exclusively in the interommatidial bristle mechanosensory 177 neurons. The hundreds of bristles on the compound eyes each contains the dendrite of a 178 sensory neuron, which also projects an axon into an afferent tract that enters the CNS in the 179 subesophageal zone (SEZ) (Figure 3A,B) . In contrast to the praying mantis and cricket, the fly 
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We next acquired a transgenic driver line for manipulating sensory neurons that could 187 elicit wing grooming, which is lower in the hierarchy than eye grooming. From our previous 188 screen (Seeds et al. 2014) , we identified a GAL4 line that expresses in neurons whose 189 activation could elicit wing grooming and showed expression in sensory neurons on the wings 
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We generated spGAL4 flies that were anticipated to target the wing sensory neurons by 1979; Cole and Palka 1982; Palka et al. 1986; Dickinson and Palka 1987) . R30B01-AD ∩ 207 R31H10-DBD flies show a sparse labeling of neurons in the proximal fields (5 to 10 out of ~77 208 9 neurons (median = 6.5), Figure 4A ,B, white asterisks), and expression in the majority of the 209 distal campaniform sensilla (5 to 6 out of 8 neurons (median = 5), Figure 4A ,C, yellow 210 asterisks). The spGAL4 line also expresses in campaniform sensilla on the halteres (7 to 10 out 211 of ~139 neurons, Figure 4E ). The other type of sensory neurons targeted by R30B01-AD ∩ 
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However, because the line also expresses in haltere campaniform sensilla, we cannot rule out 225 their involvement in the behavior. Nevertheless, the spGAL4 driver affords access to sensory 226 neurons for independent control of wing grooming.
228
Competition between eye and wing sensory neurons elicits prioritized grooming 229
The hierarchical associations between eye and wing grooming were next examined by 230 activating their respective sensory pathways. We first compared the individual grooming 231 responses to acute activation of either the eye bristle mechanosensory neurons or the 232 wing/haltere sensory neurons. Flies were exposed to five-second pulses of red light, followed by 10 rest periods with no light. Activation of the eye bristle mechanosensory neurons elicited eye 234 grooming during the period when the red light was on that decayed when it turned off ( Figure   235 5A, top, magenta). In contrast, activation of the wing/haltere sensory neurons elicited grooming 236 with the red light that persisted after light cessation (Figure 5A , middle, green). Importantly, 237 activation of either the eye bristle mechanosensory neurons or the wing sensory neurons alone 238 did not elicit the other corresponding grooming movement, or an anterior-to-posterior grooming 239 sequence. Thus, activation of these specific sensory types only elicits grooming of its 240 corresponding body part.
242
We next tested whether activation of the eye bristle mechanosensory neurons and 243 wing/haltere sensory neurons at the same time would elicit a prioritized eye grooming response, The goal of this work was to test the prediction of the model of hierarchical suppression that 260 simultaneous activation of sensory neurons on different body parts elicits a prioritized grooming 261 response. Two lines of evidence led us to this prediction. The first was based on our previous 262 finding that coating the body of the fly in dust elicits grooming that prioritizes head over posterior 263 body grooming (Seeds et al. 2014) . The second was based on data showing that local 264 stimulation to the body surface elicits site-specific grooming responses (Vandervorst and 265 Ghysen 1980; Corfas and Dudai 1989; Seeds et al. 2014; Hampel et al. 2015) . Thus, we 266 proposed that sensory neurons across the body are stimulated in parallel by dust to elicit 267 competition among their respective grooming movements. Here, we test this by identifying 268 transgenic driver lines for targeting and directly activating sensory neurons that elicit grooming, (Vandervorst and Ghysen 1980; Corfas and Dudai 1989; Page and Matheson 2004) . Here, we 281 provide evidence that direct activation of the bristle mechanosensory neurons can elicit 282 grooming. We identify the fruit fly interommatidial bristle mechanosensory neurons based on 283 their anatomical similarity to those of the praying mantis and cricket (Honegger, Reif, and Müller 284 1979; Zack and Bacon 1981) . Next, we use a transgenic driver line that expresses in these 12 neurons to show that their optogenetic activation elicits eye grooming. We also identified 286 different spGAL4 lines that express in neurons whose activation elicits wing grooming. However, 287 these lines express both in bristle mechanosensory neurons and campaniform sensilla, raising 288 the question of whether one or both sensory types are involved. Given the wealth of data 289 implicating the bristles in grooming (Tuthill and Wilson 2016) , the parsimonious explanation is 290 that the wing bristle mechanosensory neurons are involved. However, there is also a precedent 291 for the involvement of non-bristle mechanosensory neurons such as the campaniform sensilla.
292
For example, we previously showed that Johnston's Organ chordotonal neurons can detect 293 displacements of the antennae to induce antennal grooming (Hampel et al. 2015) , and others 294 have shown that gustatory neurons on the wing can detect different chemicals to trigger 295 grooming (Yanagawa, Guigue, and Marion-Poll 2014) . Therefore, further work is required to 296 resolve which sensory neurons are involved in wing grooming.
298
One outstanding question is whether the sensory neurons have a direct role in 299 establishing hierarchical suppression. We previously proposed two mechanisms of hierarchical 300 suppression (Seeds et al. 2014) . One is that unidirectional inhibitory connections between the 301 movements drive suppression, a mechanism not likely to involve the sensory neurons. The 302 other is that differences in sensitivity to dust across the body establish a gradient of sensory 303 drives among the grooming movements, leading to suppression through winner-take-all 304 competition. One way that sensitivity differences could be established is through differing 305 numbers of receptors on each body part. For example, if we assume that the bristle 306 mechanosensory neurons on the different body parts detect dust to elicit grooming (which 307 remains to be shown), a comparison of bristle numbers on different body parts gives mixed 308 support for this hypothesis. There are 600, 221, and 235 bristles reported to be on the eyes, 2002) . The eyes are the highest priority part to be groomed, and have 2.7 times more bristles 311 13 than the wings, which is consistent with the suppression hierarchy. In contrast, the lowest 312 priority body part is the notum, which has more bristles than the wings, arguing against the 313 hypothesis. Furthermore, given that other sensory neuron types elicit grooming (e.g.
314
chordotonal and gustatory neurons), there may be multiple ways of detecting dust (Yanagawa, Emerging behavioral evidence indicates that neural circuits controlling Drosophila grooming 326 movements have mechanism(s) for maintaining excitability. This was originally proposed from a 327 study identifying a mechanosensory circuit that elicits persistent grooming of the antennae 328 (Hampel et al. 2015) . That is, neurons within this circuit elicit grooming that continues for tens of 329 seconds beyond their optogenetic activation. Work presented here reveals that activation of 330 wing sensory neurons similarly elicits persistent grooming. Interestingly, grooming responses 331 that outlast their stimulus have also been described in vertebrates, suggesting that persistence 332 is a common feature of grooming (Sherrington 1906; Stein 2005) . Despite the prevalence of 333 persistent grooming, its biological function remains unclear. One possibility is that persistence 334 prevents unnecessary switches between behaviors (Redgrave, Prescott, and Gurney 1999); for 335 example swimming responses can last beyond the initial stimulus so that an animal can safely 336 14 avoid a predator. In the case of grooming, persistence may ensure that a dirty body part is 337 thoroughly cleaned before switching to another behavior.
339
We also infer the maintenance of excitability within grooming neural circuits from the 340 observation that brief activation of sensory neurons across the body elicits a grooming 341 sequence. That is, flies groom their heads and then transition to their posterior bodies, even 342 during the period after the red light has turned off. This indicates that flies maintain a persistent 343 trace of which body parts are stimulated to elicit a delayed and sequential grooming response.
344
We postulate that this occurs when the simultaneous stimulation of sensory neurons across the 345 body activates each grooming movement in parallel. Eye grooming occurs first by suppressing 346 grooming movements occurring later (Seeds et al. 2014) , however the circuitry for each later 347 movement remains active without requiring further sensory input. The next movement is then 348 elicited via this persistent neural activity once suppression from eye grooming ceases. If this is 349 the case, it raises the question of how the previous movement terminates to allow the next 350 movement to proceed. Further, it is unclear how circuits that drive later grooming movements 351 retain neural excitability. Such acquisition and maintenance of excitability is reminiscent of a 352 previously described feature of grooming called temporal summation, whereby successive 353 subthreshold stimuli are summed to elicit grooming (Sherrington 1906; Stein 2005; Guzulaitis, 
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Alaburda, and Hounsgaard 2013). Thus, both temporal summation and the grooming sequence 355 observed here point to a mechanism within the grooming neural circuitry that maintains a 356 persistent trace of the sensory stimulus.
358
How does a mechanism that maintains excitability within the grooming neural circuitry 359 affect our previously proposed model of grooming behavior? Our previous model indicated that 360 constant stimulation is necessary for each grooming movement to be active (Seeds et al. 2014 ).
361
That is, dust on a body part provides a constant drive to groom that is lessened through its 362 15 removal. Indeed, a computational model where the movements are driven entirely by the 363 presence of dust produces grooming that resembles dust-induced grooming. This indicates that 364 the model well describes grooming that occurs over relatively long time scales (~30 minutes).
365
However, based on observations that grooming persists after a brief stimulus, we now propose 366 that the circuitry contains a neural mechanism that allows grooming movements to remain 
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The lines were identified in a screen for those that expressed GAL4 in neurons whose activation 376 could elicit grooming behavior (Seeds et al. 2014) . In this work, we screened through the 377 images of the CNS expression patterns of these GAL4 lines (Jenett et al. 2012) , searching for 378 those with expression in afferents from each of the different body parts (Figure 1 -figure   379 supplement 1A-D). These lines were selected for detailed behavioral and anatomical analysis 380 as described in the results section. The control used for the GAL4 lines was BDPGAL4U, which 381 contains the vector backbone used to generate each GAL4 line (including GAL4), but lacks any 382 enhancer to drive GAL4 expression (Seeds et al. 2014) . The Split GAL4 stocks were produced 383 by Gerald Rubin's lab according to previously described methods (Pfeiffer et al. 2010 ).
384
VT17251-LexA was a gift from the lab of Barry Dickson. Controls for the Split GAL4 stocks were 385 produced in the same way as BDPGAL4U, but each spGAL4 half was used in place of GAL4 386 (Hampel et al. 2015) .
388 16
Transgenic flies carrying the following UAS drivers were from the following citations: 
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Grooming responses to optogenetic activation of sensory neurons targeted by different GAL4 705 29 lines expressing ChR2. An optical fiber connected to an LED was used to direct light to the 706 dorsal surface of the anterior or posterior body (Figure 1 -figure supplement 2) . The fraction 707 of flies that showed a grooming response to the blue light-illuminated body region is plotted (n ³ 708 40 trials for each body part). Grey shades and labels indicate the region that was illuminated. 
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The different symbols indicate the sensory neuron types on the wing as proximal campaniform 862 sensilla (white asterisks), distal campaniform sensilla (yellow asterisks), or bristle 863 mechanosensory (white line). Scale bar, 250 μm.
